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Decoupled C11O2 and R11O2 layers in superconducting and magnetically ordered 

RuSr 2 GdCu 2 8 
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Comprehensive measurements of dc and ac susceptibility, dc resistance, magnetoresistance, Hall 
resistivity, and microwave absorption and dispersion in fields up to 8 T have been carried out on 
RuSr2GdCu208 with the aim to establish the properties of Ru02 and CuC>2 planes. At ~130 K, 
where the magnetic order develops in the Ru02 planes, one observes a change in the slope of dc 
resistance, change in the sign of magnetoresistance, and the appearance of an extraordinary Hall 
effect. These features indicate that the Ru02 planes are conducting. A detailed analysis of the ac 
susceptibility and microwave data on both, ceramic and powder samples show that the penetration 
depth remains frequency dependent and larger than the London penetration depth even at low 
temperatures. We conclude that the conductivity in the Ru02 planes remains normal even when 
superconducting order is developed in the Cu02 planes below ~45 K. Thus, experimental evidence 
is provided in support of theoretical models which base the coexistence of superconductivity and 
magnetic order on decoupled Cu02 and RuC>2 planes. 

PACS numbers: 74.72.-h 74.25. Nf 74.25. Fy 
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I. INTRODUCTION 

The coexistence of superconductivity and magnetic or- 
der has placed the ruthenium cuprates in the focus of con- 
siderable work recently. § |, 1 1 1 1 1 § 1 |§ ffij, || 
These superconductors were originally synthesized by 
Bauernfeind et at. Jl3|, [l4| Most recent reports have 
focused on RuS^RC^Os where R=Gd or Eu. Its 
crystal structure can be viewed as similar to that of 
the YBa2Cu307 where the one dimensional (ID) CuO 
chains are replaced by two dimensional (2D) Ru02 lay- 
ers. Within this picture, it comes as no surprise that 
superconductivity may occur when the Cu02 layers are 
properly doped, in analogy to other cuprate supercon- 
ductors. Recent X-ray absorption near edge structure 
(XANES)H and nuclear magnetic resonance (NMR) 
studies of RuS^RC^Og jn], [l^] revealed that ruthe- 
nium occurs in a mixed valence state as Ru + and Ru 5+ 
with almost equal concentration. Thus, from the point 
of view of superconductivity, the role of Ru02 planes is 
to act as the charge reservoir which is necessary to dope 
the superconducting Cu02 planes. 

One can interpret the crystal structure of 
RuSr2RCu208 as Cu02 layers which are connected 
by perovskite ruthenate SrRu03 via the apical oxygen 
atoms. Jl6[ From this perspective, it comes as no surprise 
that magnetic ordering may occur in RuSraRCuaOg, 
as in most ruthenates of the Ruddlesden-Popper series 
Sr„ + iRu„03„+i.|O] The most three dimensional mem- 



ber of the series is pseudocubic SrRuOs (n— oo), which 
ferromagnetically orders at T TO =165 K.p8[ M. The 
n=3 member Sr4Ru3 0io is orthorhombic and becomes 
ferromagnetic below T TO =148 K.[20| The effective di- 
mensionality is drastically lowered in the n—2 member 
Si'3Ru207. It shows magnetic correlations dominated 
by ferromagnetic instability above T*=17 K, and de- 
velops a canted antiferromagnetic instability below T* . 

Hi The 2D member Sr 2 Ru0 4 (n=l) does not order 
magnetically, and becomes superconducting at very low 
temperatures. Q 

The crystal structure of RuS^RC^Os has an addi- 
tional complexity when compared to YBa2Cri307. The 
RuOg octahedra in RuS^RC^Os are coherently rotated 
around the c-axis with domains extending up to 20 nm in 
diameter. || Rotations of the RuOg octahedra are com- 
mon in the ruthenates and it is believed that the different 
magnetic order is due to structurally induced changes in 
the band structure. The rotation of the Ru06 octahedra 



was observed in Sr3Rii207,|24 which shows competing, 
nearly degenerate magnetic instabilities. pl|, |25| The im- 
portance of the rotation of the RuOg octahedra is best 
seen in Ca2- a; Sr. r Ru04, [^6| which is the n—1 member of 
the Ruddlesden-Popper series with Ca substitution for 
Sr. Since Ca 2+ is smaller than Sr 2+ , the substitution 
brings about a structural distortion in which the RuOe 
octahedra are rotated and flattened along the interlayer 
direction. |^7j By varying the degree of the substitution, 
one obtains an intriguing phase diagram from param- 
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agnetic metal to antiferromagnetic insulator. For some 
intermediate degrees of the substitution, one obtains a 
metallic system which shows an incomplete magnetic or- 
dering at temperatures below T m , and metamagnetic 
behavior similar to that observed in the n=2 member 
Sr3Ru20y. Hence, it is not surprising that the reported 
studies of the magnetic structure in RuSr 2 RCu 2 0s have 
shown some ambiguity. In some of the measurements of 
the zero field cooled (ZFC) dc susceptibility a clear fer- 
romagnetic transition was observed, pl| while in others 
a cusp-like signal characteristic of an antiferromagnetic 
transition was detected.^], [j| In all cases, though, there 
was a deviation of field cooled (FC) curves from ZFC 
ones, which proved the presence of a ferromagnetic com- 
ponent. Microscopic techniques could not resolve this 
ambiguity, either. For example, zero-field muon spin 
rotation study reported ferromagnetic order with the 
spontaneous magnetization in the ab plane. Q In con- 
trast, neutron diffraction studies found evidence of anti- 
ferromagnetic order with the Ru moments aligned along 
the c axis.[0, [28| 29 The small ferromagnetic compo- 
nent was presumed to be produced by spin canting from 
the c axis. A recent magnetization study showed that 
the ferromagnetic component grows at higher fields.^] 
This provides evidence of a field induced transition 
which was attributed to a spin-flop transition. Sim- 
ilar field induced changes are observed in SrsRu^Oy 
and some partially substituted Ca2- a; Sr :r Ru04 samples 
with distorted Ru06 octahedra. One should note, how- 
ever, that the type of the magnetic order need not be 
simply related to the distortions of the RuC>6 octahe- 
dra. For example, it was found that the other inter- 
esting ruthenate cuprate RuSr2R2- a; Ce :r Cu20io+5 has 
the same distortion of the RuC>6 octahedra, as well as 
the same Ru-O-Ru and Ru-O-Cu bond lengths, found in 
RuSr 2 RCu 2 O 8 .§0| Yet, RuSr 2 R 2 - a; Ce a: Cu20io+5 is fer- 
romagnetic while RuSr2RCri208 is antiferromagnetically 
ordered at low fields. 

A number of studies on RuSr 2 RCu 2 08 have concluded 
that the Ru0 2 layers are insulating and the transport 
properties are dominated by the Cu02 layers. As men- 
tioned above, it has also been concluded from a XANES 
study and NMR studies that Ru in the RuC>2 layers shows 
a mixed Ru valence, which has not been reported in other 
ruthenate compounds. This could also be understood 
within the model of insulating Ru0 2 layers. However, the 
magnetoresistance above the magnetic ordering temper- 
ature has a dependence on magnetic field that is not ob- 
served in the high temperature superconducting cuprates 
(HTSC), j3lj and clearly indicates that the transport pro- 
cess involves coupling to the Ru spins either from a con- 
ducting Ru0 2 layer or via coupling between the Cu02 
layers and the spins in the Ru0 2 layers. 

In the present paper, we address the question of the 
coexistence of superconductivity and magnetic order in 
RuSr 2 GdCu 2 0s. The question is reduced to the role 
played by Cu02 and R11O2 planes and their mutual cou- 
plings. We report our measurements of dc and ac suscep- 



tibility, dc resistance, magnetoresistance, Hall effect, and 
microwave absorption in RuSi'2GdCu 2 0g. The measure- 
ments have been done on the same sample prepared as 
sintered ceramic and powder diluted in epoxy resin. This 
facilitates the distinction between intergranular and in- 
trinsic intragranular properties. We find evidence that 
RuSr 2 GdCu 2 0s, as prepared in this study, has magnetic 
structure similar to Sr3Ru207, and partially substituted 
Ca2-a;Sr x Ru04, which have no Cu02 planes. Our results 
also show that the Ru0 2 planes are conducting, but do 
not become superconducting. In other words, our ob- 
servations are consistent with the picture in which the 
charge carriers in the Cu02 and Ru02 planes are decou- 
pled. 



II. EXPERIMENTAL DETAILS 

The RuSr2GdCu208 ceramic samples were prepared 
from a stoichiometric mix of Ru02, SrC03, Gd 2 03 and 
Cu02- The powder was calcined in air at 960°C for 10 
hours and then pressed into pellets, which were sintered 
at 1010°C for 10 hours to obtain the Sr 2 GdCu0 6 and 
Cu02 precursors. This process has been shown to pre- 
vent the formation of the SrRu03 impurity phase. The 
compound was then sintered at 1050°C in O2 gas for 10 
hours, 1055°C in 2 gas for 10 hours, 1060°C in 2 gas 
for 10 hours and finally 1060°C in O2 gas for 7 days. 
The sample was reground after each sintering step. The 
final processing has been shown to result in good quality 
samples where the transition into the bulk diamagnetic 
phase occurs for temperatures of up to 35 K. 

It has been shown in our recent study on 
RuS^EuC^OsJltJ that the electronic transport at low 
temperatures in the normal and superconducting states 
can be dominated by intergranular processes. This has 
the effect of masking the intrinsic intragranular proper- 
ties. For this reason, part of the sample was ground into 
a fine powder and then embedded in an epoxy resin. Un- 
fortunately, it has been found that it is not possible to 
align the ruthenate cuprates and hence we did not at- 
tempt to cure the resin in a magnetic field. 

Resistivity, magnetoresistance and Hall effect measure- 
ments were done in the standard six-contact configura- 
tion using the rotational sample holder and the conven- 
tional ac technique (22 Hz, 1 mA), in magnetic fields up 
to 8 T. Temperature sweeps for the resistivity measure- 
ments were performed with carbon-glass and platinum 
thermometers, while magnetic field dependent sweeps 
were done at constant temperatures where the tempera- 
ture was controlled with a capacitance thermometer. 

The samples were characterized by both, dc and ac 
magnetization measurements using a SQUID magne- 
tometer. The temperature dependent dc magnetization 
measurements were made in an applied magnetic field of 
5 mT, while the ac susceptibility was measured in zero 
dc field with an ac field of 5 /xT and a frequency of 1 kHz. 

The microwave measurements were made in an ellipti- 
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cal e TEm copper cavity operating at 9.3 GHz. For the 
purpose of the present study it is essential to have a sys- 
tem with high stability so that very small changes of the 
Q-factor can be reproducibly measured over long time 
scales. Therefore, the body of the microwave cavity was 
kept at liquid helium temperature. The unloaded cavity 
had a Q-factor of about 25 000. The sample was mounted 
on a sapphire sample holder and positioned in the cavity 
center where the microwave electric field has maximum. 
The temperature of the sample could be varied from liq- 
uid helium to room temperature. The cryostat with the 
microwave cavity was placed in a superconducting mag- 
net so that the sample could be exposed to a dc magnetic 
field of up to 8 T. The changes in the properties of the 
sample caused by either temperature variation or mag- 
netic field were detected by a corresponding change in 
the Q-factor of the cavity and a resonant frequency shift. 
The quantity 1/2Q represents the total losses of the cav- 
ity and the sample. The experimental uncertainty in the 
determination of 1/2Q was about 0.03 ppm. We present 
our data as the difference A(1/2Q) between the measured 
values with and without the sample in the cavity. In the 
case of the powder samples, the subtracted background 
signal was measured with a piece of clear epoxy of the 
same size as the sample with the powder. The resonant 
frequency of the cavity loaded with the sample was mea- 
sured with a microwave frequency counter and the results 
are expressed as A/// where / is the frequency at the 
beginning of the measurement and A/ is the frequency 
shift. The details of the detection scheme are given else- 
where |§. 

In the present case, the microwave penetration depth 
is much less than the sample thickness and the measured 
quantities are simply related to the surface impedance of 
the material 



.fJ, r fJ.QUJ 



(1) 



where a is the complex conductivity, and jj, r is the com- 
plex relative permeability at the operating frequency. 
Both quantities can be temperature and field dependent. 
The sample is placed in the center of the cavity where the 
magnetic component of the microwave field has a node in 
the empty cavity. However, the wavelength in the con- 
ducting sample is much shorter than in vacuum so that a 
magnetic microwave field is also present within the skin 
depth from the sample surface. The total microwave 
impedance comprises both nonresonant resistance and 
resonant spin contributions. 



III. RESULTS AND ANALYSES 
A. Magnetization and ac susceptibility 

The dc magnetization curves observed in our 
RuSr2GdCu2 0§ samples are typical of those previously 
reported. (2| |4|, |jj Here we present in Fig. [I] the ZFC and 
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FIG. 1: Plots of the ZFC (solid curves) and FC (dashed 
curves) dc M/H of polycrystalline (a) ceramic and (b) pow- 
der samples of RuSr2GdCu2 0s in an applied field of 5 mT. 
The data has not been corrected for demagnetizing effects. 



FC dc magnetization at 5 mT in ceramic and powder 
samples taken from the same pellet. These curves show 
that the magnetic behavior observed in the ceramic sam- 
ple is well reproduced in the powder sample, i.e. the in- 
fluence of the intergranular medium on the dc-magnetic 
properties is negligible. There are three main features 
in ZFC curves: (i) a peak in the dc magnetization at 
~130 K, (ii) a decrease in the dc magnetization for tem- 
peratures less than ~47 K, and (iii) an upturn of the 
magnetization below ~20 K. The first feature is due to 
the magnetic ordering in the Ru02 layers. The FC curves 
deviate strongly from the ZFC ones indicating that a fer- 
romagnetic component is present in our samples, both 
ceramic and powder. The second feature near 47 K has 
been attributed to the superconducting transition, and 
the third feature below 20 K is due to the onset of the 
magnetic ordering of the Gd sublatticc, which orders an- 
tiferromagnetically at 2.5 K.|^|, [tJ 

The ac susceptibilities of the same ceramic and pow- 
der samples are shown in Fig. |J The magnetic or- 
dering at ~130 K is clearly seen in both, ceramic and 
powder samples. However, the superconducting transi- 
tion, which is clearly seen in these samples below 47 K 
by dc magnetization in Fig. |l| is not manifested in the 
same way in the ceramic and powder samples when ac 
susceptibilities are measured. This is an unusual obser- 
vation. The ac susceptibility curves in other HTSC ex- 
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FIG. 2: Plots of ac susceptibilities of the same samples as 
in figure 1. The ac field amplitude was 5 pT, and frequency 
1 kHz. The dashed line in (b) shows the ac susceptibility of 
a powder sample of RuSr2EuCu2C>8. The data has not been 
corrected for demagnetizing effects. 



imaginary parts are due to the uncondensed normal elec- 
trons and the superconducting fluid, respectively. In the 
cuprate HTSC one reaches the condition <j\ <C a 2 already 
a little below T c . The penetration depth is then deter- 
mined mainly by the superconducting fluid, and equals 
Al independently of the operating frequency. Since Al 
is typically smaller than the grain size, the intragranular 
screening currents become effective. Therefore, the dia- 
magnetic signal in the ac susceptibility is strong and fol- 
lows the temperature dependence of A^ (T) . In the case of 
powder RuS^EuC^Oswe observe only a weak ac suscep- 
tibility signal. Below T c the penetration depth is reduced 
from its normal state value S n , but obviously not enough 
to become smaller than the grain size. We have to con- 
clude that a large fraction of the charge carriers remains 
in the normal state at all temperatures below ^45 K. 
The penetration depth at 1 kHz is then a combined ef- 
fect of both, superconducting and normal electrons, and 
remains larger than the grain size. The magnetization 
results do not allow us to determine the location of the 
normal state charge carriers at low temperatures below 
T c . They are likely to be located either in the R11O2 
planes or in the CuC>2 planes. However, as we show later 
in this paper, it is possible to gather further information 
about these low temperature normal state charge carriers 
and their location from microwave measurements. 



B. DC resistance, magnetoresistance, and Hall 
effect 



hibit nearly the same shapes and transition temperature 
widths for ceramic and powder samples of the same com- 
pound. 
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In contrast, in Fig. g we observe that a 
large diamagnetic shielding, which starts below 33 K in 
the ceramic sample, is not present in the powder. Hence, 
the large shielding signal in the ceramic sample could 
be interpreted as due to the onset of the intergranular 
Josephson currents. Superconductivity is certainly de- 
veloped in the grains already below 47 K, but the intra- 
granular ac screening currents appear to be very weak. 
They are so weak that even the high temperature tail of 
the Gd paramagnetic signal is sufficient to obscure their 
manifestation. In Fig. |^b we present also the ac sus- 
ceptibility of the powder sample of RuSi^RC^Os with 
R=Eu, which is not paramagnetic. The intragranular 
superconducting signal is detectable in this compound. 
However, instead of showing a rapid drop just below the 
superconducting transition temperature T c , this signal 
exhibits a gradual decrease in the whole temperature 
range of the measurement. Obviously, the penetration 
depth in RuS^RC^Os does not drop rapidly from the 
normal state skin depth S n = -\/2/ ' pQUj<7 n to the London 
penetration depth Al as in other HTSC. For the operat- 
ing frequency of 1 kHz, 6 n is typically much larger than 
the grain size (<5„ ~1 cm). Below T c , the ac conductiv- 
ity becomes complex a = a± — io-i-, where the real and 



The resistivity of RuSr 2 GdCu 2 08 has already been 
elaborated in some previous studies. [§, [| Here we focus 
on some features that have not been considered before 
and could elucidate the roles of CuC>2 and Ru0 2 planes 
in the transport properties. Figure [| shows the resis- 
tivity curves in zero field and 8 T field. For the latter a 
transverse geometry was used (H _L I). In general, the re- 
sistivity in ceramic samples may have contributions from 
intergranular medium and from intrinsic scattering pro- 
cess in the grains. We show below, using microwave mea- 
surements on a powder sample of RuS^GdC^Os, that 
the resistivity in the grains does not exhibit a semicon- 
ducting contribution. Thus, the upturn of the resistivity 
below 100 K in Fig. || can be attributed to the preva- 
lence of the intergranular contribution. Above 100 K, the 
predominant contribution to the total resistivity comes 
from the intragranular scattering. The relevant question 
is whether the whole charge transport occurs only in the 
CuC>2 planes, or there is an additional contribution of the 
RUO2 planes to the total conductivity. The ZFC curve 
in Fig. U shows a more rapid decrease of the resistivity 
near the magnetic ordering temperature T m . This phe- 
nomenon is better displayed in the upper inset to Fig. 
H where the derivative of the resistivity with respect to 
temperature dp/dT is seen to have a maximum at T m . 
A peak in dp/dT at T m is commonly observed in 3d fer- 
romagnetic conductors. p5[ It was explained by Fisher 
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FIG. 3: Plots of dc resistivities of ceramic RuSr2GdCu20s in 
zero magnetic field (solid curve) and in 8 T (dashed curve) 
field for transverse geometry (H _L I). The upper left inset 
shows the derivatives of the resistivity with respect to tem- 
perature, and the lower right inset shows the difference of the 
resistivities in zero magnetic field and in 8 T. 
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FIG. 4: Transverse magnetoresistance (H _L I) (p(H) — 
p(0))/p(0) in ceramic RuSr2GdCu208 at various tempera- 
tures (a) above, and (b) below the magnetic ordering tem- 
perature. Also shown is the longitudinal magnetoresistance 
(H || I) (dashed curves). 



and Langer |36| who considered the effect of short range 
fluctuations in the magnetization in ferromagnetic met- 
als. A peak in dp/ dT was also observed in SrRuOswhich 
is a Ad ferromagnet , [j37| but the temperature dependence 
of dp/dT near T m was different than that predicted by 
Fisher and Langer and observed in 3c? ferromagnetic met- 
als. This deviation was ascribed to the bad metallicity 
of SrRuC>3. We may conclude that the observation of a 
peak in dp/dT in our ceramic RuS^GdC^Og is a clear 
sign that R11O2 planes are conducting. At this point one 
can only list the factors which may influence the form of 
this peak. First, the magnetic order in RuS^GdC^Og is 
predominantly antiferromagnetic at low fields with only 
a small ferromagnetic component. Second, the magnetic 
scattering affects the charge carriers in the RuC>2 planes 
but need not have much influence on the conductivity in 
the CuC>2 planes. Finally, the total resistivity in Fig. || 
includes also the intergranular semiconducting contribu- 
tion. It is not predominant at T m , but should not be 
totally neglected. For all these reasons, the form of the 
peak in the inset to Fig. |S| could deviate from that pre- 
dicted by Fisher and Langer. 

The effect of an applied magnetic field of 8 T is to 
decrease the transverse resistivity for temperatures less 
than ^200 K, which is opposite to the effect observed 
in the HTSC. |58) The general decrease in the resistivity 
at 8 T and for temperatures less than 200 K can be at- 
tributed to a decrease in the spin scattering contribution 
to the resistivity within the RuC>2 layers due to order- 



ing of the spins in the RuC>2 layers. The decrease in the 
resistivity at 8 T is clearer in the lower insert to Fig. || 
where we plot the difference in the transverse resistiv- 
ity against temperature. The resulting peak reflects the 
effect of spin fluctuations which can be suppressed by 
the applied magnetic field. Similar behavior is observed 
in the ferromagnetic metals SrRuOa and Sr4Ru30io as 
the magnetic field is increased. This provides additional 
evidence that the Ru02 layers are conducting. 

While the temperature dependence of the resistivity at 
T and 8 T has features that are also observed in the 
ferromagnetic metals SrRuOa and Sr4Rri30io, we find 
that the transverse (H _L I) and longitudinal (H || I) 
magnetoresistance in RuS^GdC^Os deviates from the 
behavior observed in SrRuC>3 and S^RusOio. This is 
apparent in Fig. || where we plot the transverse and 
longitudinal magnetoresistance above (Fig. |]a) and be- 
low (Fig. [|b) the magnetic ordering temperature. Far 
above the magnetic ordering temperature, in the region 
where M is proportional to H (above 200 K), we find 
that Apx / po oc M a , where Apx/po is the transverse 
magnetoresistance and a=2. This observation is consis- 
tent with the results previously reported by McCrone et 
aZ-PH] A similar magnetization dependence is observed 
in SrRuOa and S^RusOio- However, below 200 K we 
find that a continously decreases to a value of a=l as 
the magnetic ordering temperature is approached. Fur- 
thermore, just below the magnetic ordering temperature, 
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FIG. 5: Hall resistivity, p xy , in ceramic RuS^GdCv^Os at 
124.5 K (circles). Also shown is the ordinary Hall resistiv- 
ity (dashed curve), the extraordinary Hall resitivity (dotted 
curve) and the total Hall resistivity as described by Eq. (g) 
in the text. 



a positive transverse magnetoresistance is observed for 
low applied magnetic fields. A low field positive trans- 
verse magnetoresistance is observed in SrRuOs but at a 
lower temperature and far below the ferromagnetic or- 
dering temperature. |39j In the case of SrRuC>3, longitu- 
dinal magnetoresistance (H || I) measurements do not 
reveal a positive magnetoresistance. Therefore, the pos- 
itive transverse magnetoresistance observed in SrRuOs 
was interpreted as being due to orbital magnetoresis- 
tance. The appearance of a low field positive magne- 
toresistance in both, transverse and longitudinal cases in 
Fig. |^b calls for a different interpretation. It has been 
recently observed in Sr 3 Ru 2 7 [§f] that below T*= 17 K, 
where dc resistivity changes its slope and dc suscepti- 
bility exhibits a maximum, both, transverse and longi- 
tudinal magnetoresistance curves develop a positive low 
field contribution. The explanation was given in terms of 
magnetic instability present in this sample due to its dis- 
torted crystal structure. Similar features were found also 
in Ca2- x Sr x Ru04.|^6|, It is possible that the positive 
transverse and longitudinal magnetoresistance observed 
in Fig. I] are connected with the observation of antifer- 
romagnetic and ferromagnetic order in RuSr 2 GdCu 2 08. 
The simultaneous antifcrromagnetic and ferromagnetic 
order in RuSr 2 GdCu 2 08 may be driven by band struc- 
ture effects because the ferromagnetic component is dif- 
ferent for different rare earths. The low held ferromag- 
netic component is highest in RuSr 2 YCu 2 0s (~30 % of 
the AF component). 




T(K) 



FIG. 6: Plot of the average dp xy / d(poH) against temperature 
in the low field region (filled circles) and in the high field 
region (open triangles) from ceramic RuSr2GdCu2 08- 

Besides having been useful in studying the nature of 
the magnetism in RuSr 2 GdCu 2 0s, the observed magne- 
toresistance implicitly proves that Ru0 2 planes are con- 
ducting, i.e. it supports further the conclusion reached 
from the analysis of the slope change in dc resistivity 
shown in Fig. 0. Further evidence that the Ru0 2 planes 
are conducting can be obtained from the analysis of the 
Hall effect in RuSr 2 GdCu 2 8 . 

Hall resistance, p xy , was measured as a function of the 
applied magnetic held H at temperatures above and be- 
low T m . Fig. H shows the data at 124.5 K. For applied 
magnetic fields below 1 T a nonlinear increase of the Hall 
resistance p xy with increasing H is observed. For high 
magnetic fields a linear field dependence of p xy domi- 
nates. The nonlinear increase in p xy with increasing H 
is due to an additional term arising from the extraordi- 
nary Hall effect. This term is present in magnetic metals 
and it is due to skew scattering where the probability of 
scattering from k to k' is different from the probability 
of scattering from k' to k. The Hall effect in magnetic 
metals is commonly given by 

Px V = RqPqH + Rs^oM, (2) 

where Rq is the ordinary Hall coefficient, R s is the ex- 
traordinary Hall coefficient, po is the vacuum permeabil- 
ity and M is the magnetization of the sample. We show 
in Fig. |^ (solid curve) that Eq. (|J) does provide a rea- 
sonable representation of the data where M from the 
Ru0 2 layers was obtained from SQUID measurements. 
Previous measurements of the Hall coefficient [[HJ were 
made at 8 T only, where it was found that the Hall co- 
efficient displayed a peak near 160 K and decreased for 



7 



temperatures less than 160 K. However, the Hall coeffi- 
cient measured in this way will be significantly affected 
by the anomalous Hall effect. The development of the 
anomalous Hall effect can be seen in Fig. |^ where we 
plot the average dp xy /d{poH) for low and high fields. It 
can be seen that the high field dp xy /d(p,oH) is temper- 
ature independent and for T < T m the values are lower 
than those found from the average low field dp xy /d(poH) . 
We note that the ordinary Hall effect contains contri- 
butions from both the Cu0 2 and Ru0 2 planes. We 
find that the high field dp xy /d(poH) is slightly greater 
than that observed in YBa2Cu307^5 with a similar T c 
(R H ~ 0.8 x 10~ 8 m 3 C 1 ) [g0| while it is significantly 
greater than that observed in SrRuC>3 (Rh ~ 0.06 x 10 -8 
m 3 C -1 )^]. This might suggest that the ordinary Hall 
effect in RuSi^GdC^Os is dominated by the CuC>2 lay- 
ers. However, the occurrence of the extraordinary Hall 
effect in RuS^GdC^Os indicates that the Ru0 2 planes 
are conducting. 



C. Microwave measurements 

In Fig. we plot the temperature dependences of 
A(1/2Q) for the ceramic and powder samples in zero 
and 8 T applied magnetic field. We first consider the 
microwave impedance in the normal state. It is apparent 
in Fig. (7|a that the zero field A(1/2Q) of the ceramic 
sample shows a peak at the magnetic ordering transition 
temperature. Note that such a peak is not observed in the 
dc resistivity data of the same ceramic sample presented 
earlier, where a peak is observed only in the derivative 
dp/dT. When shown on an expanded scale in the in- 
sert to Fig. ^a, this peak is seen to be superimposed 
on a decreasing resistive signal with some curvature due 
to the intergranular semiconducting medium. A simi- 
lar peak was observed also in ceramic RuS^EuC^Os 
but the temperature dependence below the magnetic 
ordering temperature was obscured by the microwave re- 
sistance from intergranular transport. The peak disap- 
pears at high magnetic fields as can be seen in Fig. 7 a 
where we plot A(1/2Q) at 8 T. We observe in Fig. 7b 
that the semiconductor like upturn in A(1/2Q) of the ce- 
ramic sample is not present in the powder sample, thus 
providing clear evidence that it arises from intergranular 
conduction. However, the peak in A(1/2Q) is still seen 
in the powder sample. This peak is therefore an intrin- 
sic property of the intragranular regions. It is possible 
that the peak arises from a change in p r at the magnetic 
ordering temperature, although it can be seen in the in- 
sert to Fig. Qb that this would require a large change 
in p r over a small temperature range. It may also be 
that model of Fisher and Langer for dc resistivity does 
not apply to microwave frequencies. We note that a peak 
in the dc resistance was predicted earlier by De Gennes 
and Friedel who based their calculation on the long range 
spin fluctuations. 

The suppression of the peak in A(1/2Q) by an ap- 
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FIG. 7: Plot of A(1/2Q) in a (a) ceramic sample and a (b) 
powder sample of RuSr2GdCu2 0s for applied magnetic fields 
of (Earth field - solid curves) and 8 T (dashed curves). The 
inserts to (a) and (b) show an expanded view of A(1/2Q) at 
the two applied fields. The open triangles in (b) show the zero 
field A(1/2Q) when the paramagnetic contribution of Gd 3+ 
ions is subtracted. 



plied magnetic field is evident in Fig. ga where we plot 
A(l/2<3)fju -ff) - A(1/2Q)(8T). ft is apparent that the 
peak rapidly disappears with increasing magnetic field 
and it vanishes completely at magnetic fields greater than 
1 T. Unlike the dc case, we find that the microwave mag- 
netoresistance is negative for all temperatures in the nor- 
mal state. The magnetic field dependence of A(1/2Q) 
can be seen in Fig. ||b. For magnetic fields greater than 
~2 T, there is a linear decrease in A(1/2Q) with increas- 
ing magnetic field. At 70 K and below, the Gd 3+ ESR 
absorption is evident in the low field region and centered 
near 0.3 T. The intensity of this resonance increases with 
decreasing temperature owing to the increasing spin pop- 
ulation difference in the lowest Gd 3+ spin levels. 

We show in Fig. ^ that there is an additional spin res- 
onance below the magnetic ordering temperature. Here 
we plot A(1/2Q) and A/// at 130 K and for magnetic 
fields of up to 1 T. For magnetic fields greater than ~0.3 
T, A(l/2<2) and A/// have equal but opposite slopes as 
expected for a thick sample where microwave resistance 
is the only source of the microwave response. However, 
at low fields one observes a peak in A(1/2Q) centered at 
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FIG. 8: (a) Temperature dependence of A(1/2Q) in the ce- 
ramic sample of RuSr2GdCu208 at applied fields of 0, 0.1 T, 
0.3 T, and 1 T after subtracting the signal taken at 8 T. (b) 
Magnetic field dependence of A(1/2Q) in the same sample at 
temperatures of 70 K, 120 K, 129 K and 180 K. 



^25 mT, and A/// displays a magnetic field dependence 
indicative of resonance phenomena. This feature could 
be due to the Ru ferromagnetic resonance observed by 
Fainstein et al.Q in RuSr 2 GdCu20s. We estimate by the 
dashed curve in Fig. 0a that this resonance contributes 
~0.7 ppm to A(1/2Q) at zero applied field. However, it 
is apparent in Fig. ^| that this resonance contribution to 
A(1/2Q) is insufficient to explain the full height of the 
peak at T m . We note that A(1/2Q) and A/// in the 
powder sample are similar to those in Figs. || and ^| but 
the signal to noise ratio is much worse. 

We now consider the microwave response in the super- 
conducting state. Returning to Fig. [t], it can be seen 
that the zero field microwave resistance decreases near 
50 K, similar to the dc case. The effect of an applied 
magnetic field on A(1/2Q) of the ceramic sample is sim- 
ilar to that observed in the HTSC.(4|, H However, the 
data for the powder sample is anomalous because at low 
temperatures the zero field values become larger than 
those taken at 8 T. We show later that this behavior is 
due to an enhancement of A(1/2Q) at low fields and low 
temperatures which is induced by the Gd 3+ resonance. 

The magnetic field dependence of the microwave ab- 
sorption in the superconducting state can be seen in Fig. 
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FIG. 9: Plot of A(1/2Q) (a) and A/// (b) for magnetic fields 
of up to 1 T in the ceramic sample of RuSr2GdCu2 08 at 
130 K. The dashed curve shows the estimated absorption af- 
ter subtraction of the contribution from the low field ferro- 
magnetic resonance. 



|10| a where we plot A(1/2Q) for temperatures of 5 K, 
15 K, 25 K, 35 K and 45 K. The initial rapid increase 
in A(1/2Q) is due to the Josephson coupled weak links 
that are being driven normal by the relatively small ap- 
plied magnetic field. The slower increase in A(1/2Q) at 
higher magnetic fields arises from the absorption due to 
the increasing density of vortices in the grains. JIH [hi], 
The effect of these processes on the frequency shift is seen 
in Fig. 03 where A/// is plotted at 5 K. Above 35 K 
the Josephson coupling between grains becomes weaker. 
Thus, at 45 K no characteristic Josephson signal is seen 
in Fig. |l0|a. At temperatures just below T c , only the 
individual grains become superconducting. The inter- 
granular coupling is established at a lower temperature. 

Superimposed on the changes in A(1/2Q) and A/// 
is the effect of the Gd 3+ resonance for low applied mag- 
netic fields. It is partly obscured in Fig. |l(] by the ini- 
tial rapid changes in A(1/2Q) and A/// induced by the 
weak link structure of the ceramic sample. The effect of 
the Gd 3+ resonance is much clearer in Fig. [H] where we 
plot A(1/2Q) and A/// of the powder sample. For ap- 
plied magnetic fields above ~2.5 T, A(1/2Q) and A/// 
are dominated by the dissipative motion of the vortices 
in the mixed state jl5[ |I| 4?j], while for magnetic fields 
less than ~2.5 T the microwave response from Gd 3+ con- 
tributes significantly to A(1/2Q) and A///. It is possi- 
ble to account for the resonant contribution of Gd 3+ to 
A(1/2Q) by extrapolating the high field A(1/2Q) to the 
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FIG. 10: (a) Field dependence ol A(1/2Q) in the ceramic 
sample of RuSr2GdCu20g at temperatures of 5 K, 15 K, 25 K, 
35 K and 45 K. The curves are taken after zero-field cooling, 
(b) Plot of A/// at 5 K. 



low field region as indicated by the dashed line in Fig. |llj. 
By applying this correction, we show in Fig. 0b (open 
triangles) that the microwave resistance at zero applied 
magnetic field is consistently smaller than that at 8 T. 
The absorption due to an effective microwave resistivity 
always increases with the applied magnetic field. There 
is, however, another unusual feature of the zero field mi- 
crowave resistance in Fig. 0b. Unlike the cuprate HTSC, 
where A(1/2Q) drops rapidly below T c by more than two 
orders of magnitude, the zero field signal in Fig. 0b is 
significant even for temperatures much less than T c . 

The anomalously large microwave resistance can not be 
accounted for by the occurrence of the spontaneous vor- 
tex phase. In this model, the ferromagnetic component 
of the spontaneous magnetization of the magnetically or- 
dered RuC>2 layers generates vortices. |l8) The microwave 
currents would then induce oscillations of these vortices, 
leading to a microwave loss.[[l5| fl(| The density of 
vortices, and hence the local field that is required for 
the increased A(1/2Q) to be accounted for by the spon- 
taneous vortex phase model, can be estimated from the 
observed rise of the signal level when the applied mag- 
netic field is changed from zero to 8 T. We find that a 
spontaneous magnetic field of 7 T to 9 T is required. This 
is significantly larger than the local field estimated from 



FIG. 11: (a) Field dependences of A(1/2Q) in the powder 
sample of RuSr2GdCu20s at temperatures of 5 K, 15 K, 25 K, 
35 K and 45 K. The data was taken after zero-field cooling. 
The dashed line on the 5 K curve shows the extrapolation 
from higher fields to the zero field absorption value, which 
would remain after the subtraction of the Gd 3+ paramagnetic 
resonant absorption, (b) Plot of A/// for 5 K. 

a muon spin rotation study (~0.1 T) or a Gd 3+ ESR 
study. Q The large microwave resistance at zero applied 
magnetic field is certainly due to a large fraction of the 
normal carriers still being present at temperatures well 
below T c . Since the spontaneous vortex model is seen to 
be insufficient to provide the necessary amount of nor- 
mal carriers, we propose that the normal carriers are to 
be found in the RuC>2 layers. 

At this point it is worthwhile to discuss whether the 
proposed interpretations of the ac susceptibility and mi- 
crowave data are consistent. The operating frequencies 
for the two cases differ by seven orders of magnitude. 
The normal state skin depth is inversely proportional to 
the square root of the frequency. At our microwave fre- 
quency of 9.3 GHz, the skin depth in the normal state 
of RuS^GdC^Os is ^5/im, which is close to the grain 
size. As soon as a fraction of charge carriers is condensed 
into the superconducting state, the penetration depth at 
the microwave frequency is reduced below the grain size. 
This effect causes a significant drop of the signal level 
as shown in Fig. 0b. This does not occur with the ac 
susceptibility signal in the same powder sample shown in 
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Fig. |2|b. Due to the remaining fraction of the normal car- 
riers, the penetration depth does not become frequency 
independent. The extremely weak superconducting sig- 
nal inferred from Fig. implies that the penetration 
depth at 1 kHz is reduced from 8 n ~ 1 cm to a value still 
larger than the grain size. The comparison of the data 
at those two largely different frequencies provides the fi- 
nal proof that a large fraction of the charge carriers in 
RuSr 2 GdCu208 is not condensed in the superconducting 
state even at very low temperatures. 

The proposed scenario would imply that there is no 
induced superconductivity in the Ru02 layers. This 
can be contrasted with fully loaded YBa2Cu30y, where 
the distance between the CuC>2 layer and the CuO 
chain is similar to the distance between the Cu02 
layer and RuC>2 layer in RuS^GdC^Os, but there 
is induced superconductivity on the CuO chains in 
YBa2Cu30y. The idea of decoupled Cu02 and RuC>2 
planes has been mentioned in the early work of Fel- 
ner ct al. on a related ruthenate-cuprate compound 
RuSr 2 Gdi.4Ce .6Cu2Oi _ ( 5.(|] The conditions of decou- 
pling have been treated theoretically. || |49| The Ru ti g 
orbitals, where magnetism arises, are coupled to Cu ti g 
orbitals, but the latter are almost fully occupied. On the 
other hand, Ru t% g orbitals do not couple directly to the 
Cu e g orbitals, but only a more indirect coupling path 
via the apical oxygen may be possible. As a result, quite 
a small exchange splitting is induced in the antibonding 
d x 2_ y 2 — p x (dpa) orbitals in the Cu02 planes. It was 
concluded that magnetism and superconductivity could 
coexist if the dpa orbitals formed the basis for super- 
conductivity. The present paper provides experimental 
support for theoretical models based on decoupled sub- 
systems in Ru02 and Cu0 2 planes. 



the Ru02 layers in RuS^GdC^Os are conducting and 
contribute to the electronic transport above the super- 
conducting transition. This is proven by the appearance 
of the peak in the temperature derivative of the dc resis- 
tivity dp/dT at the magnetic ordering temperature T m , 
negative magnetoresistance, and extraordinary Hall resis- 
tivity. Hence, the insulating local moment model can not 
be applied to the Ru02 layers in this compound. Rather, 
by combining the results of this study with NMR and 
XANES data which provide strong evidence of a mixed 
Ru valence, pi], |l2| the Ru02 planes can be described as 
conducting with a spatially varying charge density. 

The behavior below the superconducting transition is 
revealed from a detailed analysis of the dc magnetization, 
ac susceptibility, and microwave impedance data in the 
ceramic and powder samples. We prove that a large frac- 
tion of the charge carriers in RuSi^GdC^Os is not con- 
densed in the superconducting state even at temperatures 
far below T c . The spontaneous vortex phase is found to 
be insufficient to account for the scale of the observed ef- 
fect so that the normal conductivity is proposed to reside 
in the Ru02 planes at all temperatures. The present pa- 
per provides experimental support for theoretical models 
which explain the coexistence of superconductivity and 
magnetism through effectively decoupled subsystems in 
Cu02 and Ru02 planes. 
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